Optical coherence tomography (OCT) is an interferometric imaging technique based on the detection of backscattered near-infrared light. This technique is particularly promising for biomedical imaging applications because it provides noninvasive imaging of living tissues, reasonable penetration depth ͑ϳ2 mm͒ and high spatial resolution ͑ϳ10 m͒, superior to present clinical methods of noninvasive imaging such as computed tomography, magnetic resonance imaging, and ultrasound. To address different imaging requirements, OCT can be configured as an in-air system, or the optic pathway can be directed to the sample through a catheter or endoscope [1, 2] . Development of contrast agents provides enhancement of OCT with the potential benefit of specific targeting of molecular markers of diagnostic importance [3, 4] . Since the signal generated in OCT is based on refractive index mismatches in the sample, one type of suitable agent is a material with large refractive index variations, as exemplified by gas-filled microbubbles [5] or micrometer-sized droplets of oil with embedded silica particles on the interface [6] .
Nanoparticles of gold are particularly attractive materials for contrast enhancement in biomedical imaging applications. Such nanoparticles have very strong optical resonances responsible for the vivid colors of their suspensions. These unique plasmon resonances, coupled with the biocompatibility of gold, lead to numerous applications relevant to biomedical research. A concept of paramount importance for such applications is the tunability of optical resonances, whereby structures resonant at selected wavelengths can be generated to address experimental requirements such as illumination source or optical properties of the sample. Highly scattering gold nanoshells based on silica spheres have been shown to enhance OCT contrast in vivo [7] and subsequent attachment of antibodies for the endothelial growth factor receptor resulted in specific targeting of cancer cells [8] . Plasmon resonant gold nanocages of approximate size of 40 nm were synthesized, conjugated with antibodies and targeted to breast cancer cells [9] . Dumbbell-shaped nanorods of gold have been shown to produce OCT signal with a minimum detectable concentration of 25 g Au/ml in a homogeneous 1.1% suspension of intralipid [10] .
Here we describe an application of plasmon resonant nanorods of gold as a contrast agent for OCT imaging. To demonstrate OCT imaging we used a polyacrylamide gel phantom, where optical properties of the gel and spatial distribution of nanorods can be controlled. Cylindrical gold nanorods of various aspect ratios (length-to-diameter) were prepared in a manner similar to that described by Mulvaney [11] . Briefly, gold seed solution was prepared and added in quantities ranging from 6 to 50 l to aliquots of the growth solution containing surfactant and gold chloride. The obtained gold nanorods were redispersed in water, in 5 ml (50 g Au/ml) for spectrophotometric analysis or 0.2 ml (1250 g Au/ml) for transmission electron microscopy (TEM) and OCT.
Extinction spectra of nanorod suspensions were taken with a Cary 5E spectrophotometer in the range of 400 to 1350 nm in double beam mode against water. Each spectrum consists of two peaks, one near 530 nm corresponding to the transverse dimension of rods and spherical particles, while the location of the other peak varies with the quantity of added gold seed and corresponds to the longitudinal dimension of rods (Fig. 1 ). An integrating sphere accessory was used to collect total transmission, scattered transmission and reflectance spectra. These data in combination with Inverse Adding Doubling calculation software [12] were used to determine scattering and absorption coefficients as well as scattering anisotropy. For the peak of longitudinal resonance of a nanorod suspension at 975 nm s , a , and g were 11.8 cm −1 , 9.7 cm −1 , and −0.0362, respectively. All solutions used were found to have stable spectra for several weeks after imaging; thus there was no evidence of spectral shifts due to aggregation.
For TEM 2 l drops of the concentrated suspensions were allowed to dry completely on the surface of a thin, transparent carbon sheet supported by a 200 mesh copper grid and were imaged in a Jeol 100CX transmission electron microscope. The most striking feature of the produced nanorods is their highly symmetric cylinderlike shape with a fairly constant diameter (approximately 20 nm) and an average length varying from one preparation to the next (Fig. 2) . In general, nanorod suspensions exhibiting plasmon resonance peaks in longer wavelengths (nearinfrared) were composed of a population of higher aspect ratios in electron microscopy images. Artifacts of the production of nanorods include small populations of other shapes of gold nanoparticles.
We used a time-domain OCT system similar to one previously described [13] . The OCT system source is composed of two superluminescent diodes. The center wavelength for the system when both diodes are active is 890 nm, with a bandwidth of 150 nm. The resolution of the images produced by the system is 6 m axially and 14 m laterally.
A polyacrylamide tissue phantom was prepared to characterize the nanorod suspensions with the OCT system. Compared with intralipid suspensions, polyacrylamide-based phantoms allow for independent adjustment of scattering coefficient and anisotropy by adding polystyrene beads of appropriate size and concentration. Here we prepared gels with 1 m diameter polystyrene spheres at a concentration of one sphere per 1100 m 3 to obtain s of 30 cm −1 and g of 0.89. The gels were cast between glass plates to produce layers approximately 400 m thick. When desired, a small void with an approximate volume of 1 l was formed in the gel by placing a nylon tape on the casting plate. Once cast, the gel was cut into small slabs and multiple layers stacked together to form the tissue phantom. The voids were filled with a suspension of nanorods. To avoid the specular reflection from the air-phantom interface the phantoms were tilted at a small angle relative to the inbound beam.
Presented in Fig. 3 are cross-sectional images of the tissue phantom. The signal in these OCT images is indicative of the intensity of backreflection at a given pixel. The 1 l voids, clearly seen in these images, were filled with water [ Fig. 3(a) ], gold nanorods resonant at 750 nm, a wavelength beyond the spectral envelope of the OCT source [ Fig. 3(b) ], or gold nanorods resonant at 912 nm, closely matching the center of the spectral distribution of the OCT source [ Fig. 3(c) ]. Each nanorod suspension used here contained the same molar quantity of gold; voids contain approximately 1.25 g of gold. Capillary action between the polyacrylamide sheets caused a small amount of contrast agent to flow out of the voids and coat some of the interfaces between polyacrylamide slabs, providing a thin, observable layer of agent on these surfaces. Saturation effects, seen as vertical lines, are the result of strong reflections encountered from highly reflective regions. Dramatic improvement of the signal is noticed in both the bulk and interfacial presence of the nanorods resonant at 912 nm, matching the center of the OCT source, relative to the signal obtained with nanorods resonant at 750 nm (Fig. 3) . Both nanorod suspensions show enhanced signal compared with water. The intensities obtained with nanorods also exceed the intensity of backscattered light from the tissue phantom, and this enhancement is particularly pronounced with nanorods spectrally matching the center of the OCT source (Table 1) .
In this report we demonstrated contrast enhancement in OCT images using plasmon resonant nanorods of gold. The key features of gold nanorods of interest to OCT imaging are their sharp optical resonance and relatively large reduced scattering coefficient, s ͑1−g͒. The full width at half-maximum can be as little as 80 nm and is typically around 120 nm, whereas the value of scattering coefficient exceeds that of absorption coefficient. We obtained significant enhancement of contrast with gold nanorods resonant at a wavelength within the spectral bandwidth of the OCT source. Gold nanorods resonant at the wavelengths outside the spectral envelope of the OCT source contribute little to signal. This observation points toward the possibility of spectral multiplexing in contrast-enhanced OCT imaging, where contributions of contrast agents resonant at various wavelengths can be resolved. This approach is of particular importance in applications where contrast agents are targeted to various molecular markers of interest. We propose that further improvement of contrast can be obtained by differential OCT imaging. In this approach two images at slightly shifted OCT center wavelengths are collected so both images of the tissue (typically containing no resonant structures) remain similar, whereas the contrast agent is visible in one but not the other.
In comparison, other nanostructures such as nanoshells have much broader scattering bands [8] . Despite some similarity of shapes, gold nanorods of dumbbell shape appear to be primarily absorbing, underlining the importance of shape for resultant optical properties of gold nanostructures [10] . The very sharp resonances of nanocages are predominantly absorptive [9] , producing limited backscattering signal for OCT imaging. In our work we did not attempt to establish the detection limit. It appears, however, that the amount of gold in the imaged volume [ Fig.  3(c) ], defined as the cross-sectional area of the void times the lateral resolution of the OCT system, is less than 3 ng.
Our interest in these contrast agents stems from our long-term goal to develop methods of molecular imaging with OCT. Molecular targeting can conveniently be introduced by molecules carrying groups such as thiol or amine, which readily coordinate with gold. Targeting ligands, e.g., antibodies or small molecules introduced in this manner will direct nanorods to a molecular marker of interest, such as membrane proteins overexpressed in cells undergoing malignant transformation. Currently, OCT is capable of interrogating sections of a tissue with the penetration depth of 1 -2 mm, a capability often described as optical biopsy. OCT augmented by the targeted contrast agents may noninvasively produce functional information of diagnostic importance similar to that obtained by the methods of immunohistochemistry. Properties of gold nanorods described here enable improved discrimination of signals generated by the contrast agent, a necessary step toward the development of molecular imaging using OCT. Pixel intensity is averaged over a representative 0.4 mm 2 rectangular area of the images shown in Fig. 3 .
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Calculated as 10ϫ log 10 ͑void average pixel intensity/lower layer average pixel intensity͒.
